In the present study, a series of far-infrared ceramics were successfully synthesized using vanadiumtitanium slag solid waste and some ordinary minerals as main raw materials with lanthanum (La) as an additive. The phase composition and microstructure of the prepared samples were characterized by Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM).
Introduction
Far-infrared ceramics, which can spontaneously launch intense infrared rays at specic wavelengths, are extensively employed in many advanced elds, such as energy, health care, military areas, etc., owing to their excellent radiometric force and permeability. [1] [2] [3] For instance, far-infrared ceramics have the ability to energize water activation by stimulating resonance among water molecules, 4 which is conducive to penetration, mineralization, and biochemistry processes in organisms. On the other hand, a far-infrared ceramic powder has been incorporated into low-density polyethylene for the preparation of an antibacterial packaging material. 5 In these applications, farinfrared ceramic exhibits excellent thermal stability, antibacterial properties, and good corrosion resistance, as well as high mechanical strength. Therefore, far-infrared ceramics have attracted considerable attention in current scientic research and technological applications for protecting human health and saving energy.
Vanadium-titanium slag (VTS) is a type of solid waste from vanadium-titanium magnetite. With the huge increasing of industrial production, the management of VTS has become a tough challenge for environment conservation. The resource utilization of VTS is becoming a big tendency to solve the problem of VTS pollution. Over the past few decades, numerous research studies mainly focused on the recovery of titanium, vanadium, iron, chromium from VTS through various approaches, including water leaching aer NaOH molten salt roasting, 6 liquid oxidation technologies, 7 acidic solution leaching, 8, 9 and pressure acid leaching. 10 It was also reported that VTS could be used as a raw material to fabricate a gamma-ray shielding material, 11 sorbents, 12, 13 and Ti-rich materials.
14 To the best of our knowledge, nevertheless, there is rare work regarding the application of VTS in manufacturing far-infrared ceramics. Using VTS to prepare the far-infrared ceramic arises from the following advantageous factors: compositions and costs. Firstly, the selected VTS is iron-rich rather than lowtitanium VTS. Fe element presents various valences in the VTS, and inuences crystallization behaviour of special phases, which plays a role in the infrared radiation properties of the ceramic. 15 Additionally, the VTS contains some oxides including SiO 2 , Al 2 O 3 , Na 2 O, MgO and CaO, conforming to the composition of silicate ceramic matrix. Secondly, far-infrared materials derived from puried oxides or expensive rare minerals enhance the production cost, while VTS with cheap price are easily obtained. Thus, using TVS as a secondary resource for the preparation of far-infrared ceramic can substantially decrease the production cost. More importantly, this approach turns wastes into assets.
Rare earths (RE) own the reputation of "industrial vitamin", which are extensively used in the eld of ceramic in order to enhance their performances. Furthermore, rare earths play a critical role in improving the luminescent properties of materials. 16, 17 Single RE ions doped or co-doped infrared emission materials have been widely investigated.
18-20 Wu et al.
21
reported an enhancement in infrared radiation properties for 26, 27 In a word, RE ions can effectively break interatomic equilibrium state so that they have an ability to modulate farinfrared emission properties of material through above two effects. From the quantum mechanics viewpoint, whether single doping or co-doping, the probabilities of multi-phonon relaxation would be reduced in energy level transition system, which contributes to promoting far-infrared radiation property. 28, 29 In our experiment, representative rare earth La was selected as a dopant in a bran-new VTS ceramic system considering the following reasons. (1) 30 Coincidentally, both of the aspects are closely associated with far-infrared radiation performance. Therefore, an in-depth investigation on the farinfrared emission properties of La-doped VTS ceramic is still desired.
Hence, in this paper, VTS were chosen as the main raw materials to prepare the far-infrared ceramic with La doping. The effect of La element on the far-infrared radiation property was systematically studied. It is extra noteworthy that compared with expensive pure materials, our raw materials including VTS solid waste and other normal minerals used in the work are more suitable for large-scale production, because of their low production cost and rich source. Overall, our results revealed that the as-obtained far-infrared ceramic displayed both high far-infrared emissivity and strong bending strength. The aim of our current study resides in promoting the functional application of VTS and accelerating the introduction of VTS into IR ied.
Materials and methods

Materials
VTS wastes were provided from Pangang Group Company (Panzhihua, China), and other mineral materials including clay 1, clay 2, dolomite (CaMg(CO 3 ) 2 ), aluminum (Al), and sand were obtained from the Sichuan Baita Xinlianxing Ceramic Co., Ltd. (Neijiang, China). Table 1 showed the main chemical compositions of all raw materials tested by X-ray uorescence spectrometer (XRF, XRF-1800, Shimadzu, Japan). Lanthanum nitrate hexahydrate (La(NO 3 ) 3 $6H 2 O, $99.5 wt%) was purchased from Chendu Kelong Reagent Company (Chengdu, China). All other chemicals were of analytical reagent grade and were used as received without further purication. All aqueous solutions were prepared with de-ionized water (D.I. water).
Preparation of far-infrared vanadium-titanium slags ceramic
In the present work, La(NO 3 ) 3 were used as dopant, and the weight percentages of La(NO 3 ) 3 in the experimental group were 3 wt%, 5 wt%, 7 wt%, 9 wt%, and 11 wt%, denoted as La3, La5, La7, L9, and La11, respectively; while the control group was noted as La0 (0 wt%). The formulas of far-infrared ceramic bodies obtained from orthogonal experiment were presented in Table 2 .
The procedural details of experiment were given below. The raw materials and dopants were rst mixed completely through wet milling in a high-density nylon pot for 30 min using zirconia balls using water as grinding medium. The resultant slurry was screened via 104 mm sieve, dried at 110 C, powdered to crush the agglomerate, homogenized with 7-9 wt% water for pelleting (granules size around 1 mm). The humidied granules were pressed at 50 MPa into 40 Â 6 Â 5 mm strip body, and subsequently dried at 110 C for 2-3 h. The sintering process involved in a step-by-step heating and cooling approach as follows: (1) ceramic body was put into a muffle furnace (SX-G03163, Tianjin Zhonghuan Lab Furnace Company, China) and heated from room temperature to 300 C for 2 h to remove the residual moisture. (2) Then the temperature was slowly raised to 800 C with heating rate of 2.5 C min À1 . (3) The temperature was continually elevated to 1100 C for 2 h and just kept for 5 min, and then naturally cooled to room temperature to obtain the far-infrared ceramics. The prepared ceramics were crushed into ne powder with the help of an agate mortar for material characterization.
Characterization
The crystalline phases of the as-obtained samples were examined by X-ray diffraction analysis (XRD, Empyrean, PANalytical B.V, Netherlands) using graphite monochromatized Cu Ka radiation (l ¼ 1.54056Å). The diffraction angles (2q) were set between 10 and 60 with an incremental step size of 0.02 . The phase identication was achieved by comparing the sample diffraction pattern with standard cards in ICDD-JCPDS database. The elemental states of Fe ions were characterized by X-ray photoelectron spectroscopy (XPS, XSAM800, Kratos, UK) and the spectral deconvolution was conducted using the XPSPEAK soware (Version 4.1). The microstructure and elemental analysis of the samples was examined by scanning electron microscope (SEM, JSM-7500F, JEOL, Japan) equipped with X-ray energy dispersive spectrometer (EDS). All samples were coated by gold for 1 min before SEM observation.
Far-infrared absorption and emission properties evaluation
Fourier transform infrared spectra of these VTS ceramic powders were recorded on an infrared spectrometer (FT-IR, NEXUS 670, Thermo Electron Corporation, USA) detected in the form of pellets (KBr pellet). The spectra were recorded from 400 cm À1 to 1600 cm À1 . The far-infrared emissivity of samples in 8-14 mm wavebands was tested by an FT-IR emission tester (Bruker 80V, Bruker, Germany).
Physical performances tests
The strip samples were reserved for the physical performance test. The linear shrinkage (LS%) was calculated by the formula 3. Result and discussion
XRD analysis
The chemical compositions of the slag and mineral raw materials were examined by XRF. It was clear in Table 1 
where D is the crystallite size (nm), k is the shape factor (k ¼ 0.89), l is the X-rays wavelength (l ¼ 1.54056Å), q is Bragg diffraction angle ( ), and b is the full width at half maximum of an estimated peak (rad). The result of crystallite sizes in various planes and their averages ( D) are shown in Table 3 . 
XPS spectra with high resolution of Fe2p
To conrm the predication that Fe 2+ was oxidized to Fe 3+ by La 3+ , the high-resolution XPS spectra of Fe2p for La0, La7, La9 and La11 were presented in Fig. 2 . The Fe2p spectrum exhibited a doublet at approximate 710.0 eV and 722.5 eV, which was consistent with the published work. , which provided a proof for the conjecture of XRD analysis.
SEM analysis
The SEM micrographs of all samples were presented in Fig. 3 , where Fig. 3(A) and (B) were element information derived from EDS. Evidently, the fractured surface of ceramics appeared to be relative smooth. The signicant distinction between non-doped one and the doped groups was that some granular phases with submicron level were dispersed in original amorphous ceramic matrix, and the amounts of granular phases were mounting with the increasing of La content. In consideration of XRD results and EDS consequences in Fig. 3 
Local microstructure analysis
To further explore the impact of cation distribution on the microstructure of orthopyroxene, the results from XRD, XPS and SEM were analysed together. Based on the equation of
where r a and r b denote the two ionic radius. O 6 ], larger cation X (six coordination) tends to occupy irregular polyhedron sites (A-site), and smaller cation Y (eight coordination) is inclined to enter into inerratic octahedron sites (B-site). 37, 38 In detail, because of the restriction of coordination polyhedron and the selection of potential energy, the smaller Fe 3+ ions was much easier to move into B-site than larger Fe lattice distortion from shrinkage of the unit cell might be introduced. To quantify the degree of its lattice distortion, the lattice strain of orthopyroxene was analysed via the WilliamsonHall equation:
where 3 is the lattice strain, and other parameters referred to the calculation of crystallite size. The XRD data between 4 sin q (xaxis) and b cos q (y-axis) ts straight line and its positive slope represents the lattice strain (3). As seen in Fig. 5 , the value of lattice strain reached its maximum (0.27%) when doping 9 wt% La, corresponding to the smallest crystallite size (28.768 nm). The rising trend of the lattice strain was synchronized with the downtrend of crystallite size, and vice versa. In the range of 3-9 wt% doping, Fe 3+ played a dominant role in lattice distortion and leaded to a decrease of atoms order degree. Simultaneously, it should not be ignored that a part of La ions dissolved into orthopyroxene, which also made a contribution to the increased lattice strain. Nevertheless, lattice strain fell back to 0.24% when doped contents reached 11 wt%. Based on SEM analysis, it seemed to be that the excessive second phase (La 2 O 3 ) around crystal boundary would inhibitthe growth of orthopyroxene-like phases and reduce its lattice strain. It has been reported that the lattice strain of materials is of great relevance to the infrared radiation property.
21,40
3.5. Infrared absorption spectra Fig. 6 showed the FT-IR spectra of the samples in the range of 400-1600 cm À1 . There were two broad absorption bands n 1 and n 2 in the range of 400-1600 cm À1 wavenumber. These bands n 1 and n 2 were ascribed to the stretching vibration of multifarious bridge bonds in A-and B-site, respectively. These bridge bonds were crucial to infrared properties. In general, with the addition of La, the alterations of cations distribution in A-site and B-site decrease the metal-oxygen bond lengths, enhance the lattice asymmetric vibration, and ultimately increase IR absorption vibration intensity of sample. 43 As for La9 group, the absorption vibration of Si-O-Mg in A-site and Si-O-Fe in B-site were strengthened greatly.
According to the kirchhoff's law of thermal radiation, the ratio of emissivity and absorption is irrelevant to property of substances, which is the universal function of temperature and wavelength. It shows a positive correlation with the absorption coefficient. 29 In brief, the superior absorption ability means the excellent emission capacity, and the position of vibration absorption is just the location of radiation release. The basic reason on the improvement of the far-infrared absorption properties of materials derived from appropriate doping, which strengthened the infrared radiation capabilities of materials synchronously.
Far-infrared emission property
Infrared emissivity is signicant to evaluate the infrared emission property, especially in the wavelength range of 8-14 mm. 20 The average infrared emissivity of all samples in the 8-14 mm wavelength range was listed in Fig. 7 . It witnessed an evident increase in the far-infrared emissivity with the doping La from 0 wt% to 7 wt%, reaching the maximum (0.927) at 9 wt%. Then, it decreased dramatically to 0.916 for La11 sample. The infrared emission spectrum of La9 was displayed in the upper le inset of Fig. 7 . Because the highest emissivity was 0.927, the as-prepared ceramics belonged to the category of high far-infrared emissivity materials, based on the comparison with reported studies. 20, 44, 45 Our experiments demonstrated that infrared emission properties could be effectively stimulated by appropriate La additives, and the optimal doped amount of La for the specimen was 9 wt% in this work. , which caused alteration of cations distribution in A-site and B-site, leading to the shrinkage of unit cell and lattice strain. From Fig. 5 and 7 , it was worthy to note that the IR emissivity was changed from 0.854 to 0.927 (increased by 7.1%) as the reduction of crystallite size of orthopyroxene from 37.343 nm to 28.768 nm and the increasing of its lattice strain from 0.21% to 0.26%. The severer lattice strain is and the lower lattice vibration symmetry has. When the lattice strain achieved the maximum, the vibration intensity of Si-O-Mg and Si-O-Fe in A-site and B-site were strongest. Thereby, the sample displayed the greatest far-infrared emission properties. The profound reasons might was attributed to aggrandizing the lattice asymmetrical vibrations, and largely changing the dipole matrix, and improving the impacts of a harmonic oscillation of polar lattice and phonon coupling, and promoting the action of phonon combination radiation.
18,28
Hence, the far-infrared radiation property was strongly strengthened in our prepared La-doped VTS ceramics.
Physical properties
The linear shrinkage (LS%), water absorption (WA%), and bending strength (BS) were further measured. As reported in Table 4 , the LS% of all experimental and control ceramic samples of was around 1.6% within a controllable range, and the bending strength of the all samples was higher than 25 MPa. According to ISO 13006 standard-Group BIII b (6% < WA% < 10%), this kind of far-infrared ceramic meets the requirement of ISO 13006 standard (>18 MPa). It was noted that bending strength of the doped groups was slightly higher than that of pure VTS ceramics, and it peaked at 30.63 MPa for La11 group.
Form XRD analysis, we could see that the quartz and anorthite phases were co-existed in as-burnt production. The chemical structure of quartz is stable, and the anorthite possessed high mechanical strength and low sintering temperature. The existences of quartz and anorthite phases would ensure the fundamental physical strength and chemical stability of the ceramics. From the SEM images, the doped production with smoother fracture surface displayed more glass phase during sintering. The addition of La could accelerate the rate of mass transfer and facilitate the densication process of ceramics. 4 Moreover, the dispersive distribution of La 2 O 3 phase also contributed to the augment of bending strength via crack deection toughening. When cracks extended to the surface of dispersive granular phases (La 2 O 3 ), the direction of cracks propagation would deect and slope, which could enhance energy consumption of crack propagation and improve toughness. Consequently, these factors jointly contributed to the higher bending strength of doped groups, especially for La11 samples.
Conclusions
In conclusion, VTS has been successfully used as a secondary resource for the preparation of far-infrared ceramic doped with 0-11 wt% rare earth La. The effect of doped La on the farinfrared radiation properties of VTS ceramics have been studied detailedly. When doped with 9 wt% La, the VTS ceramics possessed the best far-infrared radiation attribute, and its emissivity reached 0.927. Our nding showed that La 3+ ions made Fe 2+ oxidize to Fe 3+ in the orthopyroxene-type phases, causing the shrinkage of its unit cell volume. Simultaneously, La 3+ dissolved into orthopyroxene-type phases to form solid solution with a complex structure. The superposed effects of La 3+ work together to cause lattice distortion and improve the vibration of two bridge bonds Si-O-Mg and Si-OMg, which ultimately result in the enhancement of the farinfrared emission properties of VTS ceramics. Despite of the uncontrollability of vast quantities for mineral raw materials, this study may provide some suggestive guidance for the bulkproduction of far-infrared ceramics and the resource utilization of VTS. 
